Cell polarization and the establishment of functionally specialized domains play a pivotal role in many cellular processes such as vectorial transport of molecules, cell division and differentiation, directional movement of the cells in a chemotactic gradient and activation of the immune response. Cell polarization is a complex phenomenon, in which the interplay among cell cytoskeletal components, extra-and intracellular signals and organelle and membrane reorganization is crucial to achieve a correct cell shape change. The intracellular machinery needed for cell polarization has been elucidated in several well-established models, including yeast, epithelial, neuronal and germ-line cells. Cells of the immune system also polarize in response to extracellular cues, but many of the intracellular signals that control cell polarization and the role of genes with a well-defined function in other polarization processes are still unknown. In this review, recent advances in the study of leukocyte polarization are examined highlighting the similarities and differences with other models of cell polarization. The extracellular signals which direct cell polarization, the signal transduction pathways involved as well as the role of cell polarization in the development of the immune response are discussed.
INTRODUCTION
Cell polarization is a fundamental feature of many cell types which must display and maintain specialized cytoplasmic and membrane-associated domains in order to perform specific tasks, including differentiation, cell growth and division, migration, transmission of stimuli, or the development of the immune response.
Over the past twenty years, much effort has been put into elucidating the extracellular cues as well as the signaling machinery that regulate the acquisition of a polarized phenotype. From yeast to highly differentiated and specialized cells such as neurons or lymphocytes, all of them share the intrinsic capability to become polarized (Fig. 1) , and a common signaling machinery highly conserved through evolution (Drubin and Nelson, 1996) . Cell polarization plays different functional roles depending upon the cell lineage and developmental stage. Hence, polarization is intrinsic to the reproductive cycle of yeast cells (Madden and Snyder, 1998) , whereas a polarized phenotype is essential for functional processes in neurons such as neurite extension, growth and stimulus transmission (Higgins et al., 1997) .
The role of polarization in cells from the immune system has not been so well studied. Besides its critical role in migration, cell polarization also plays a pivotal role in cognate immune interactions between effector lymphocytes and antigen-presenting cells (APC) (Kupfer and Singer, 1989; Sanchez-Madrid and del Pozo, 1999) .
FROM YEAST TO LEUKOCYTE POLARITY: ESTABLISHMENT OF TWO MORPHOLOGICAL POLES
Saccharomyces cerevisiae cells usually display a round shape, but become polarized twice in their life cycle. During the vegetative cycle, yeast develop a budding protrusion from which the daughter cell will form. This bud will emerge in one site or another depending on the haploid or diploid nature of the cell. The formation of this budding cap is a tightly regulated phenomenon with a complex signalling machinery involved in its formation and development. The process of bud emergence consists of three steps: (1) Bud site selection: The small G protein Bud l, which encodes a Ras-related small GTP binding protein, has been demonstrated to play a key role in electing the place of bud emergence, as overexpression of either an activated mutant or a dominant negative form of the protein results in random budding. This protein is in turn regulated by two other genes, the GTPase activating protein (GAP) Bud2 and the guanosine exchange factor (GEF) Bud5 (Bender and Pringle, 1989; Park et al., 1993) . (2) Assembly of the budding complex: Once the place of bud growth has been elected, an array of proteins is recruited to this site. These include the yeast homologue of Cdc42, which regulates actin assembly through the Wiskott-Aldrich syndrome protein yeast homologue Beel/Las 17 (Li, 1997) and the novel actin nucleation factor Pca-1 (Lechler and Li, 1997) . Several gene products can be found at the budding tip of the cell, including Beml (Leeuw et al., 1995) , an adapter protein which interacts with Ste20, the homologue of mammalian p65 PAK (Manser et al., 1994) and Bnil, a homologue of mammalian formins (Evangelista et al., 1997) , which is involved in morphogenesis and cytokinesis and could be the common mediator by which small GTP binding proteins, such as Cdc42, can stimulate actin polymerization. (3) Actin polymerization, polarized growth and de novo cell wall synthesis: The gene products described above control actin polymerization and the formation of a proper bud, which will eventually become a daughter cell, with a requirement for cell wall biosynthesis, a process which involves other related genes, such as the Rhol protein, a close homologue of the mammalian RhoA gene, which regulates 1(1-3)-glucan synthase, an essential enzyme in cell wall biosynthesis (Drgonovi et al., 1996; Qadota et al., 1996) .
A similar process involving the same mediators occurs when a cell senses a mating pheromone gradient secreted by a mating phenotype-matched cell under adverse environmental conditions. In this case, the site selection machinery is replaced by a cluster of occupied pheromone-receptor pairs , where they form a complex that enables actin polymerization and the extension of a mating projection, which will reach the mating partner and, after membrane fusion will give birth to a diploid zygote. The polarized shape developed by Saccharomyces during bud or mating projection is strikingly similar to that of migrating leukocytes. When a leukocyte starts migration, extends a front protrusion (leading edge), where actin polymerization processes are very active (Mitchinson and Cramer, 1996) , and retracts the microtubule-organizing center (MTOC) to the rear trailing edge, termed uropod (Ratner et al., 1997) . Some cell adhesion receptors as well as cytoskeletal components are redistributed to the uropod, whereas chemosensory receptors, such as chemokine receptors, cluster at the cell leading edge (Sanchez-Madrid and del Pozo, 1999; Serrador et al., 1999) . Nevertheless, bud extension and uropod formation similarities are not so obvious when examined at the molecular level. The main feature of the budding protrusion is a well-defined actin cap in the budding area. By contrast, uropod extension by migrating leukocytes is characterized by reduced polymerized actin, which concentrates at the cell leading edge, where the cell is continuously extending prospective lamellae and pseudopods enriched in chemosensory receptors (Sullivan et al., 1984; Mackay et al., 1991; Nieto et al., 1997; Serrador et al., 1999; ) noting that there is a close resemblance between process extension during yeast mating and the generation of lamellae during chemotactic responses in both neutrophils and lymphoid cells (Nieto et al., 1997; Servant et al., 1999) . Thus, the leading edge of migrating leukocytes and the directional pole through which Saccharomyces senses the chemotactic gradient would play a similar exploratory role, as it has been proposed (Sanchez-Madrid and del Pozo, 1999 (Mulholland et al., 1994) . Consistent with its important role in cell polarization, different mutations in actin genes result in defects in bud formation, growth arrest and the formation of huge cells unable to divide (Novick and Botstein, 1985) . Actin dynamics is very active during yeast growth. Its localization is dependent on cell-cycle dependent kinases (CDKs), and during budding, the bud becomes a preferential place for actin polymerization and clustering (Kilmartin and .
The establishment of leukocyte and fibroblast polarity involves the sequential adhesion of the cell to the substratum, formation of a front membrane protrusion supported by active actin polymerization, generation of contractile forces driven by myosin motors and rear detachment to allow cell migration (Lauffenburger and Horwitz, 1996; Serrador et al., 1999) . Fibroblast adhesion to the substratum is very strong, with the formation of specialized structures at the cell-substratum contact area, which comprise clustered integrins and adapter proteins, which act as nucleation sites for actin bundles called stress fibers.
The strong adhesion results in slow migration speed. On the other hand, the lack of well-defined focal adhesions and stress fibers at the cell-substratum contact area is a characteristic feature of migrating lymphocytes that may account for a decreased adhesion which in turn allows enhanced motility (Palecek et al., 1997 (Suter and Forscher, 1998) . The balance between growth and the maintenance of the cell morphology is carried out by actin retrograde flow, which is regulated by myosin motors. Inhibition of myosin results in halted retrograde actin flow and the growth of filopodia at the leading edge (Lin et al., 1996) .
In epithelial cells, actin dynamics are governed by the need of establishing two well defined and functionally distinct plasma membrane domains. Cell adhesion as well as cell-cell contacts guide actin polymerization at the sites of the contact, which may play a role in the formation of two poles by retaining or directing protein sorting specific of the cell adhesion sites (Clark and Brugge, 1995) . The establishment of cell-substrate and cell-cell contacts also results in the formation of the apical face of the epithelial cell. There, actin polymerization is very active, though the adapter proteins that are located to the apical pole are different to those in the basolateral pole, resulting in a different composition of the actin cytoskeleton. The actin filaments assembled at the apical pole play a pivotal role in the formation of microvilli, specialized hair-like protrusions, which confer absorptive properties to polarized epithelia (Heinztzelman and Mooseker, 1992) . The regulation of actin dynamics by signaling proteins will be described in detail below.
TUBULIN. Analysis of the positioning of the microtubule network within budding yeast cells suggested that it could be involved in generation of buds or at least in bud site selection (Adams and Pringle, 1984) . A better understanding of bud formation revealed that microtubule location in the budding tip is one of the last steps in bud formation, and it is not essential in the establishment of this structure (Snyder et al., 1991) . Instead, it regulates subsequent phenomena such as nuclear segregation into the daughter cell (Page and Snyder, 1993) .
The retraction of the microtubule-organizing center to the uropod of migrating lymphocytes has been described (Ratner et al., 1997; Serrador et al., 1999) . The MTOC does not appear to support uropod formation, but it is likely involved in the maintenance of the cell deformability to allow extravasation (Ratner et al., 1997) . However, the MTOC is translocated from the uropod to the intercellular contact area during antigen-specific immune recognition in both T helper-antigen presenting cells and killer cell-target cell interactions. This has been proposed as a mechanism of reorientation of the secretory apparatus in order to mediate the polarized secretion of either cytokines or lytic vesicles (Kupfer and Singer, 1989) .
Epithelial cell polarity is also characterized by a dramatic reorganization of the microtubules. A dense patch of randomly oriented microtubules can be observed at the apical pole of the cell, whereas other bundles with the growing tips oriented towards the basolateral pole are located parallel to cell-cell lateral contacts. Microtubule localization in epithelial cells is critical as it regulates the sorting of apical and basolateral proteins by reorientation of the secretory apparatus (Drubin and Nelson, 1996) .
Microtubules perform similar functions in neurons. A dense pack of microtubules can be observed in the center of the growth cone, supporting the structure and acting as carriers to provide the elements necessary for axonal growth (Baas and 
ROLE OF PROTEIN SORTING IN THE ESTABLISHMENT AND MAINTENANCE OF CELL POLARITY
How is polarity maintained? As we have discussed before, the cytoskeleton plays a key role in the acquisition as well as in the maintenance of polarity. One key feature of a polarized cell is the different composition of the two poles of the cell, not only at the level of asymmetric redistribution of the cytoskeleton, but also in terms of the plasma membrane proteins and lipids (Mays et al., 1994) . This distribution seems to be regulated by targeted vesicle transport from the Golgi apparatus, and by retention through association to the cytoskeleton. Motifs regulating protein targeting to one pole of the cell or the other is a very active field of study. Tyrosine-and dileucine-based domains are present in most basolateral-redistributed proteins, as demonstrated in MDCK (Madine-Darby canine kidney) cells (Matter and Mellman, 1994) . This seems to be a very conserved mechanism in the development of different tissues. In this regard, overexpression of basolateral-targeted genes in neurons using virus-based vectors guides the gene product to the dendrites (Higgins et al., 1997) , although the study of endogenous dendritic proteins such as the transferrin receptor rules out these signals being the only involved in dendritic sorting (West et al., 1997) . Parallelism between apical and axonal sorting is not so obvious. In epithelium, GPI-anchored proteins appear to be targeted to the apical membrane, but in neurons they do not follow any distribution pattern based on this structural glycolipid link. In this regard, other non-GPI-anchored proteins, which are expressed on the apical face of MDCK cells, are not redistributed to the axon when expressed in neurons (Hoop et al., 1995) .
Leukocyte polarity is a much more transient phenomenon which depends upon extracellular stimuli. Therefore, in resting leukocytes most plasma proteins are not stably concentrated at any particular site of the plasma membrane. However, upon stimulation, a rapid redistribution of surface molecules occurs. Some receptors become concentrated at the cell leading edge, such as the urokinase plasminogen activator receptor (uPAR) (Estreicher et al., 1990) , the integrin vl] 3 (Lawson and Maxfield, 1996) as well as receptors for fMLP in neutrophils (Sullivan et al., 1984) and chemokine receptors in lymphocytes (Nieto et al., 1997) . Maintenance of such receptors in the cell leading edge requires the existence of a polarized recycling mechanism that has been demonstrated for Cv[ 3 integrin in crawling neutrophils (Lawson and Maxfield, 1996) . Other adhesion molecules such as ICAM-1, -2, -3, CD43, CD44 and PSGL-1 become clustered at the uropod (Sanchez-Madrid and del Pozo, 1999 During antigenic presentation, redistribution of proteins become crucial to achieve a correct effector function of lymphocytes. T cells interact with their target cells through the leading edge (Negulescu et al., 1996) . Initial contact is followed by a complex cascade of events including TCR interaction with the peptide-MHC complex, accumulation of LFA-1 integrin to stabilize the interaction, and redistribution of proteins involved in the specific recognition such as the TCR and other signaling proteins such as PKC-0, and the Src-kinases Lck and Fyn (Monks et al., 1997 (Monks et al., , 1998 . These molecules are clustered in supramolecular activation clusters (SMAC) which are included in glycosphingolipid-cholesterol-enriched membrane domains (rafts) (Dustin and Shaw, 1999; Viola et al., 1999; Wulfing and Davis, 1998) . Stabilization of the effector-target conjugate results in reorientation of the MTOC and the Golgi complex, which are undoubtedly involved in polarized secretion of effector molecules, such as cytokines (Podack and Kupfer, 1991) .
EXTRACELLULAR CUES THAT INDUCE POLARITY: SIGNAL TRANSDUCTION
Cells such as neurons or epithelial cells develop intrinsic polarity, whereas in yeasts or leukocytes, polarization is dependent upon an environmental signal to exert a specific response. A number of genes have been implicated in initiating as well as in transmitting signals whose outcome will be cell polarity. Despite their specific role in each cell lineage, general outlines of protein function can be deduced from genetic analysis.
Extracellular cues
In yeast, two polarization modes have been so far described, budding and mating (Fig. 1) (Baggiolini, 1998; Baggiolini et al., 1997; Rollins, 1997) . The similarity comes from the fact that chemokine receptors also become redistributed to the cell leading edge while leukocytes are sensing a chemokine gradient (Nieto et al., 1997) . In this regard, chemokine receptor polarization would be guiding the cell navigation through the chemoattractant gradient (Fig. 3) . It is not unlikely that clusters of pheromone or chemoattractant receptors are guiding the cytoskeletal growth or reorientation to keep the cell growing or moving in the right direction.
Chemoattractant receptor redistribution is a controversial field of study, and seems to be a cell-lineage dependent phenomenon. In this regard, it has been described that GFP-cAR1 (cAR-1 is the primary receptor of cAMP in Dyctiostelium) is not redistributed to the cell leading edge in Dyctiostelium cells for which cAMP is a potent chemoattractant (Xiao et al., 1997) . Instead, differential localization and activation of G proteins associated to chemoattractant receptors has been observed on the cell side that senses the chemoattractant stimulus (Jin et al., 2000; Parent et al., 1998) as well as the appearance of binding sites for pleckstrin homology domain-containing proteins (Parent and Devreotes, 1999) and the translocation of PH-containing proteins to the cell leading edge (Servant et al., 2000) . A recent study on the localization FIGURE 3 Leukocyte polarization, cytoskeletal and adhesion molecules redistribution and the establishment of leading edge and uropod poles. A schematic model of leukocyte polarization during navigation through a chemoattractant gradient is shown. High-detailed domains correspond to the leading edge (1), cell-extracellular matrix (ECM) rear contact area (2), and the rear pole (uropod) (3). Only cytoskeletal components and surface molecules with a role in cell-cell or cell-matrix interactions or in the perception of the chemotactic gradient are shown (see Color Plate III at the back of this issue) of GFP-C5aR in a human neutrophilic leukemia cell line suggests that chemoattractant receptor redistribution could be explained in terms of membrane folding at the cell leading edge, which would imply a clustering of receptors without an increase of the number of receptors per membrane area (Peter et al., 1996) , and it might regulate the association of adapter proteins such as Bnil or Beml to the actin cytoskeleton, thus becoming a pivotal piece in the establishment of cell polarity. In agreement with this argumentation, all these molecules are found to interact with each other in budding or mating projections (Evangelista et al., 1997; Sheu et al., 1998) .
Signals produced by chemokines binding to their receptors have been in the limelight for the last three years because of the capability of some chemokine receptors to act as correceptors for HIV (Littman, 1998) . Chemokine triggering of its receptor is rapidly followed by Gi dissociation from the [T subunit, PLC activation and rises in intracellular calcium in a pertussis toxin-sensitive fashion. In addition, activation of other proteins, including RAFI'K/ Pyk2 (Ganju et al., 1998) , phosphatydil inositol 3-kinase (PI3K) (Turner et al., 1995; Turner et al., 1998) , the JAK/STAT pathway and the small GTPase Rho (Bacon et al., 1998) has been reported.
The role of Rho family members in the reorganization of the actin cytoskeleton and in the morphology of the cell was first demonstrated in fibroblasts.
Microinjection of activated mutants of Rho, Rac and Cdc42 caused profound changes in the actin distribution pattern, hence Cdc42 induced the formation of filopodia (Nobes and Hall, 1995) , Rac induced membrane ruffling and the formation of protrusive lamellipodia and Rho generated stress fibers and promoted the formation of focal adhesions , where actin cables and integrin patches were found to interact through signaling/adaptor complexes (Burridge and Chrzanowska-Wodnicka, 1997; Clark and Brugge, 1995) .
Although a hierarchy has been suggested and even demonstrated for fibroblasts, in which Cdc42 activated Rac and Rac activated Rho (Nobes and Hall, 1995) , recent evidences point to antagonic roles of Rac and Rho GTPases in the control of the cell morphology and cell-substrate (Rottner et al., 1999; Sander et al., 1999) . In this regard, it has been shown that Rac is involved in the formation of the cell leading edge through actin-based ruffling, initial sites of attachment to the substratum (focal complexes) and spreading (Rottner et al., 1999) , whereas Rho plays a role in the consolidation of the attachment of the cell to the substratum by enlargement of the focal complexes, thereafter referred to as focal adhesions (Rottner et al., 1999) (Fig. 5) . A direct role for Rho in the activation state of the integrins has been also postulated (Laudanna et al., 1996) .
A direct role in polarization for members of the Rho subfamily has also been proposed. Fibroblasts migrating in a wound-healing assay acquire a polarized morphology. Cdc42 has been demonstrated to regulate the cell polarity through the control of correct reorientation of the cell leading edge, whereas Rac is essential to keep directional movement (Nobes and Hall, 1999) .
In this regard, Arp2/3, a Cdc42 effector, has been recently shown to localize to the sites of actin nucleation at the cell's leading edge, thus suggesting a role of this signaling cascade in the establishment of two functional poles in migrating cells .
In addition, a role has been ascribed to Cdc42 in T cell acquisition of polarity during antigen presentation (Stowers et al., 1995) and directional macrophage chemotaxis to CSF-1 (Allen et al., 1998) , thus suggesting a key role for GTPases of the Rho subfamily not only in actin rearrangement but also in proper polarization and cell orientation. The role of small GTP binding proteins of the Rho subfamily in stably polarized cells has also been addressed. In neurons, activation of Rho in growth cones causes collapse of the structure, which suggests a role for Rho in the regulation of actin polymerization and retrograde flow (Kozma et al., 1997) . On the other hand, a regulatory role has been proposed for Rho GTPases in cadherin-dependent contacts in epithelial cell monolayers (Braga et al., 1997; Jou and Nelson, 1998 (Symons et al., 1996) , p65 PAK downstream of Rac (Sells et al., 1997) and Rho-associated kinase (Rho-kinase) downstream of Rho (Amano et al., 1997; Matsui et al., 1996) . Taken together, the data reviewed suggest a common and highly conserved signaling mechanism that links extracellular cues with the cytoskeleton, regulating cell morphology. lymphocyte homing and homeostasis (Baggiolini, 1998) (Mantovani, 1999) .
Chemokines have been also involved in regulating the firm adhesion and,arrest of rolling lymphocytes to blood vessel endothelium (Campbell et al., 1998) . In this regard, the role of chemokines would be a dual one, in the first steps of recruitment to the inflammatory foci they would be promoting cell adhesion to the endothelial layer, and in later stages (after diapedesis), they would be directing the cell towards the inflammatory focus (Springer, 1994) .
Cell positioning within the lymph node is a key feature in the development of lymphoid organs. The maintenance of well-defined areas is crucial for the establishment of cell-cell and cell-matrix interactions which ensure a proper development and maturation of the different lineages of cells involved in the genesis of the lymph node. In this regard, "systemic" chemokines such as SDF-lc and BCA-1/BLC seem to play a pivotal role in development and maturation of the immune system. Mice lacking the SDF-1 gene and those lacking its unique chemokine receptor CXCR4, share common abnormalities in the development of B lymphocytes along with other genetic defects, such as vascularization of the gastrointestinal tract and defects in the ventricular septum (Nagasawa et al., 1996; Tachibana et al., 1998; Zou et al., 1998) . On the other hand, deletion of the BLR1/CXCR5 receptor (specific for BCA-1/BLC) results in aberrant architecture of lymph nodes and acute defects in homing capability and positioning of lymphocytes within the lymph node (F6ster et al., 1996) .
Very recently, a role has been demonstrated for the chemokine receptor CCR7 in the organization of the primary immune response (Forster et al., 1999 antigen presentation on the cell advancing front, demonstrating that calcium-dependent T cell polarization and orientation of the leading edge to the APC are critical elements in successful antigen presentation (Negulescu et al., 1996) . In NK-target cell-cell interactions, some molecules, which are also clustered in the leading edge of migrating cells, are found in the killer-target contact area (Nieto et al., 1998) .
As for translocation of signaling machinery to the leading edge of migrating cells, molecules involved in signal transduction such as PKC-0 and RAFTK/Pyk2 have been found in the contact area of cytotoxic lymphocytes and NK cells with target (Monks et al., 1998 Sancho et al., 2000 , further demonstrating the role of effector cell leading edge positioning towards the target cell to allow successful contact and proper effector function.
CONCLUDING REMARKS
The study of evolutionary divergent cells in the acquisition of a polarized morphology reveals striking similarities in terms of adapter molecules, cytoskeletal components and asymmetric membrane composition. What is most exciting is that common steps of cell polarization exist, and the signaling intermediates involved are highly conserved from low eukaryotic cells such as yeasts to more differentiated cells, such as lymphocytes or neurons.
Many functional roles of cell polarization have been already elucidated, but both the extracellular cues that induce and control polarity as well as the intracellular signal transduction machinery involved are extremely active fields of study. The discovery of new signals and links between molecules involved in cell polarity coming from different cellular models will allow us to get a clear-cut view of this exciting field.
